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INTRODUCTION 
Tillage and Tillage Research 
One of the criteria by which archeologists have judged the existence 
of the earliest civilized societies has been the presence of simple tillage 
tools. Through the long passage of time since the crude beginning, 
agriculture has developed greatly; first, as an art, then, as a science. 
Perhaps the phase of agriculture which has developed the least as a 
science is this very ancient agricultural practice, soil tillage. 
Efforts to improve tillage implements and methods by research have 
often been unfruitful due to variables in the field which could not be con­
trolled. Soil is neither homogeneous nor isotropic, varying consider­
ably in characteristics within a relatively small field area. Tractor tires 
and implement wheels have an unwanted effect on test results. One of the 
greatest difficulties is lack of control of climatic conditions. 
Realizing the great need for tillage research under controlled con­
ditions, the United States Department of Agriculture established (9), 
in 1934 at Auburn, Alabama, what is now the National Tillage Machinery 
Laboratory. Facilities there include eleven large outdoor soil bins con­
taining selected soil types. The bins may be covered as needed to control 
weather effects, and other soil variables may be controlled to a high 
degree. Full scale implements may be tested with virtually all of the 
adverse effects of field tests eliminated. 
The Tillage Laboratory has done and is continuing to do research of 
a fundamental nature with broad application; but, the scope of its work 
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must necessarily be limited. Many other agencies, such as state experi­
ment stations, have both the need and the desire to do research on tillage 
problems. Obviously, the duplication by these agencies of the facilities 
of the Tillage Laboratory is not economically feasible. They have, for 
the most part, continued to conduct field investigations. 
One possible solution to this problem would seem to be the con­
struction of laboratory facilities reduced in size for the use of relatively 
small, scale models of implements. For research conducted with such 
facilities to be reliable, this reduced-size system must be established 
according to sound physical principles which underlie the design of 
models. 
Bockhop (I), at Iowa State College, investigated the general appli­
cability of the principles of similitude, or model theory, to tillage 
implement investigations. From his work, it appeared that the model 
technique showed promise as a research tool in tillage work. However, 
it was obvious that further investigation was necessary in order to 
develop a dependable model system. 
Objective of This Investigation 
In research on tillage implements, it is frequently necessary or de­
sirable to determine soil forces acting on an implement. A model 
system from which forces in a prototype system may be predicted would 
be highly desirable. 
The objective of this investigation was to develop a workable and 
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reliable model system for investigations of tillage implement forces. 
Theory of Models 
Murphy (4, p. 57) defines a model as 
A device which is so related to a physical system that 
observations on the model may be used to predict accurately 
the performance of the physical system in the desired 
respect. The physical system for which the predictions 
are to be made is called the prototype. 
Model theory, or the theory of similitude, is built upon dimensional 
analysis. It is the theory which provides the procedure for establishing 
the conditions under which the behavior of the model and prototype will 
be similar and for accurately predicting results on the prototype from 
observations on the model. 
A brief, general description of the application of model theory follows, 
in order to establish the language and procedure of model design. 
In investigating any phenomenon, one is generally interested in a 
dependent variable which is a function of several independent variables, 
as Xj = f(x£, Xg, x^, .. .. , x^). These n variables will involve one or 
more dimensions such as force, length, time, temperature, etc. 
From dimensional analysis (4) it can be shown that the above variables 
may also be grouped into a number of dimensionle s s quantities known as 
pi terms. Another functional equation in dimensionle s s form may then be 
written as = F(ir,,, ir^, .. . . , irg). The number, s, of such pi terms 
is given by the Buckingham Pi Theorem (4) which states that the number 
of dimensionle s s, independent quantities required to express the relation­
ship among variables in a physical phenomenon is equal to the number of 
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variables minus the number of dimensions, involved. Definite procedures 
are available for forming the pi terms, though in many cases they can be 
formed by inspection. 
With the pertinent variables for a prototype known and applying 
dimensional analysis and the Buckingham Pi Theorem, an equation of 
the form tt^ = fCn^, ir^, ..... , irg) may be written. For a model, a 
similar equation may be written as ir^ = ffr^ , ir ). The 
m mm m 
functional relationship in both equations is the same. Therefore, if 
ir- = ir_, n-, = ir-, ir = ir , then ir. = ir.. . The equating of the 
m m sm S m 
corresponding independent pi terms gives the design and operating con­
ditions for the model. The resulting equality of dependent pi terms is 
the prediction equation. 
When all specified design conditions are satisfied, the model is a true 
model. If any design condition is not satisfied, the resulting model is 
known as a distorted model. This introduces a distortion factor in that 
design condition and a prediction factor in the prediction equation. For 
example, if ir^ = dir^, where d is a distortion factor, then ir^ = pir^ , 
m m 
where p is a prediction factor. A distorted model may be quite satis­
factory if the prediction factor can be determined in terms of the dis­
tortion factor or factors. 
Work Leading to This Investigation 
Model implements have been tested in a laboratory soil box at the 
National Tillage Machinery Laboratory for a number of years. Such 
tests have been used largely for qualitative observations with no attempt 
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to develop a model system for quantitative predictions for a prototype. 
In a 1954 doctoral thesis, Willetts (14) in England reports an investi­
gation using model implements in a laboratory soil box. He studied the 
draft of flat chisel tines, wedges and moldboard plows as a function of 
implement and soil variables. Soil variables considered were particle 
size, bulk density, shear strength, kinematic viscosity, and angle of 
shearing resistance. He presented a dimensional analysis of the vari­
ables, but did not follow through with application of model theory. 
Results of tests were presented as dimensionle s s plots. An equation 
for draft was presented as being derived from various cross-plots of 
data, but it was not at all clear how this had been done. It was stated 
that kinematic viscosity had been neglected, but no mention was found 
of two of the variables originally considered. These were soil particle 
size and angle of shearing resistance. 
Telischi et aL (12) in 1955 used small implements in a laboratory 
setup to investigate the effect of certain variables on draft requirements. 
A spring dynamometer was used to measure draft of the implements 
pulled through soil prepared by mixing clay and sand in desired pro­
portions. Speed, clay content, moisture content and soil packing force 
were varied. Dimensional analysis was used to derive a theoretical 
equation for draft. However, this equation contained four unknown coef­
ficients which could only be determined experimentally. No considera­
tion was given to model-prototype relationships. 
The only known investigation of the application of model theory for 
tillage implement investigations is that of Bockhop (1) which was 
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mentioned above. His general study of the applicability of similitude to 
tillage implement investigations immediately preceded the author's 
investigation and forms a background for it. He constructed, at Iowa 
State College, laboratory facilities for testing model implements in 
soil. This equipment will be described in a later section. 
A concave disk was chosen for the investigation. Disks were spun 
from she et aluminum, a 5-inch diameter model being made geometri­
cally similar to a 10-inch diameter prototype. A masonry sand and 
three soil types covering a wide range of clay content were selected. 
The assumption was made that the colloidal film theory due to 
Nichols (5) was applicable and vàlid. This theory holds that all of the 
forces developed within a soil are a function of the moisture content 
and the colloidal clay content. With this assumption, the soil condition 
would then be characterized by moisture content, clay content, and the 
bulk density of the soil. 
From a dimensional analysis of these and the other variables 
assumed to be pertinent in determining the resultant soil force on a 
concave disk, Bockhop developed the following functional equation: 
~~3 = f( 5 » . m. c, a, p, p) 
wDJ U gU 
= a resultant soil force component 
= soil bulk volume weight (wet basis) 
= disk diameter 
= other pertinent lengths 
= disk velocity 
where R 
w 
D 
X 
V 
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g = acceleration due to gravity 
m = soil moisture content, percent 
c = clay content, percent 
a = disk horizontal angle-of-approach 
(3 = disk vertical-tilt angle 
(jl = coefficient of s oil-to-metal friction . 
Symbols originally used have been replaced by those consistent with use 
in the author ' s inve stigation. 
The same equation applied to the model with appropriate values sub­
stituted. The model design and operating conditions resulting from 
equating corresponding pi terms for model and prototype could be 
easily satisfied with one exception if model and prototype operated in 
the same soil. One design condition was not completely satisfied in 
that the thicknesses of the two disks were approximately equal rather 
than to scale. However, Bockhop reasoned this distortion to be negli­
gible with the combination of sharpening angle and horizontal angle-of-
approach used. With this assumption, he supposedly had a true model. 
Tests were run with the model and prototype disks in the four soils 
over a wide range of conditions. In most tests the velocity pi term was 
varied, all other independent terms held constant, and necessary 
measurements made for calculation of the force pi term. 
Predictions from model to prototype were reasonably good in the 
masonry sand, becoming progressively worse in the soils with higher 
clay content. There was also a tendency for a decrease in accuracy of 
prediction with increase in moisture content. 
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A study of the procedures and results of Bockhop's work revealed 
several possible reasons for the poor predictions from model to prototype. 
1. While the assumption that the effect of disk thickness was negli­
gible with the particular geometry involved seemed quite reasonable, it 
might not have been valid. Failure to have complete geometric simil­
arity between model and prototype might have had a significant effect 
on the predictions. 
2. Methods used to compact the soil likely did not produce density 
which was uniform in planes parallel to the soil surface. This affected 
both the force measured and the reliability of the measured soil bulk 
volume weight and might have resulted in a large experimental error. 
3. Since the model disk operated at one-half the depth of the proto­
type, the average bulk volume weight of the soil moved in each case 
might have been significantly different. The same value of this variable 
was used to calculate both model and prototype force pi terms. Thus, 
a significant error could have been introduced. 
4. The soil variables which were assumed pertinent might have 
been inadequate and, in fact, not the variables pertinent in determining 
/ 
the soil reactions. 
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INVESTIGATIONS 
Model Equipment and Soils 
Much of the equipment used in this investigation was developed by 
Bockhop (I) in the study previously discussed. Considerable modifica­
tion was made during the course of the author's investigation. The 
entire system will be described here. 
Operating equipment 
The basic function of the operating equipment was to move soil at a 
constant velocity past a stationary model implement and to adequately 
support that implement. An overall view of this equipment is shown in 
Figure 1. 
Four soil boxes, to facilitate the handling of four different soils, had 
been constructed of aluminum frame and lined with galvanized sheet. 
Any of the four boxes, 3 feet wide and 12 feet long, could be mounted 
on an aluminum carrier frame which ran on a narrow-gage track nailed 
to a concrete floor. The track was about 45 feet long and the soil boxes 
could be propelled on it in either direction by a roller chain attached to 
the carrier. 
The roller chain was driven by a 5 hp electric motor which was con­
trolled by a remote switch. The drive to the chain was through a 
Graham variable speed transmission which allowed adequately close 
control of soil velocity and a worm gear which served as an effective 
brake in the system. The drive unit is shown in Figure 2. 
Figure I. Overall view of operating equipment 
Figure 2. Variable-speed drive unit 
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The implement test stand straddled the track allowing the soil box to 
pass between uprights which support a crossframe above the box sides. 
The test stand frame was welded to the track cross-ties and nailed to the 
floor. The aluminum crossframe supported the implement force-
sensing assembly which could be positioned on it in any lateral position. 
This crossframe also was supported at each end by a bearing and a stub 
shaft attached to the main frame uprights, allowing it to pivot about a 
horizontal transverse axis. It was held in a horizontal position by 
springs and a toggle device which, when tripped at the end of a test run 
by a projection on the side of the soil box, caused the implement to swing 
back and clear the end of the soil box. Another projection on the soil 
box opened the remote switch of the motor and the soil box coasted to 
a halt. 
The implements chosen for this investigation were concave disks. 
Ingersoll Products Division of Borg-Warner Corporation furnished 
6-inch and 12-inch diameter steel disks. The disks were geometri­
cally similar except for the disk thickness which was approximately 
the same for both sizes. Disk mounting and control is treated in the 
following section. 
Force-sensing assembly and instrumentation 
Force-sensing assembly Figure 3 shows the force-sensing 
assembly in position on the crossframe. The angle-iron subframe was 
clamped at any desired position along the crossframe. The model im­
plement is shown mounted on the load frame which was attached to the 
subframe by six load cells. Figure 4 illustrates the location of the load 
Figure 3. Force-sensing assembly 
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CM 
Figure 4. Load frame showing location of load 
cells 
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cells and construction of the load frame. Several of the load cells are 
also visible in Figure 3. 
Five of the load cells were steel rings made from 2-inch pipe. They 
were 1/2-inch wide and turned to a thickness of 1/16-inch. SR-4 
electrical resistance strain gages (type C-7, 500 ohms) were bonded to 
the rings as shown in Figure 5. In either direction of loading, two of 
the gages were subjected to tensile strains and two to compressive 
strains. 
The number 1, or draft, load cell was an aluminum cantilever beam 
with two active gages mounted. Two temperature compensating dummy 
gages were mounted on an identical beam beside the load cell. The 
cantilever beam was used to replace a load ring which had failed and it 
functioned quite adequately. 
A close-up of the disk mounting and position control apparatus is 
shown in Figure 6. Ball bearings were attached to the disks which 
could be easily installed on the standard axle by the use of a self-
locking inner race and collar. The standard could be rotated in the 
clamping device to obtain any desired disk horizontal angle - of - appr oach, 
which was indicated by a pointer and graduated quadrant. The standard-
clamp could be rotated on a horizontal shaft to vary the tilt angle. The 
depth of cut of the disk was regulated by raising or lowering the standard. 
Gage blocks were cut to position the disk axle with respect to the soil 
surface for a particular size disk and depth of cut. 
17 
GAGE I 
GAGE 2 
GAGE 4 
GAGE 3 
Figure 5. Details of a load ring 
Figure 6. Disk mounting and control apparatus 
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Instrumentation The six load cells were arranged so that if the 
force in each were determined simultaneously, the draft, side, and 
vertical force components would be completely determined. Only two 
recording channels were available and for purposes of developing the 
model system, it seemed unnecessary to determine position of the com­
ponents. For this reason, a composite signal from the vertical load 
cells and a composite signal from the side load cells was obtained, in­
dicating only magnitude and direction of these components. 
Like-positioned gages on the two vertical load rings were connected 
in series. These pairs of gages were then connected as arms of the 
Wheat stone bridge input of a Brush Model BL 320 analyzer. Output 
from the analyzer was recorded by a Brush Model BL 222 recording 
oscillograph. The same was true of the three sets of gages on the side 
load rings. The single draft load cell was connected as a separate 
channel. Any pair of force components could then be measured simul­
taneously with the two channels. 
The load cells were calibrated against known loads. A linear rela­
tionship existed between the loads and pen deflection on the oscillograph. 
By plotting load vs. deflection data, calibration constants in pounds per 
millimeter chart line were obtained. A composite calibration was made 
on the side load cells and on the vertical load cells. 
A check on soil velocity was obtained from the oscillograph charts. 
An event marker on the oscillograph was actuated by the closing of a 
6-volt circuit when a spring contact on the test stand contacted points on 
the soil box. Knowing the chart velocity and the distance between con­
tacts, the soil box velocity could be calculated. 
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Description of soils 
The soils used for this investigation were selected to represent a wide 
range of clay content and, thus, a variety of physical characteristics. 
Tables 1 and 2 present some comparison of the soils. 
Table I. Mechanical analysis of soils 
Soil Percent sand Percent silt Percent clay 
>0.5 mm 0. 5-0. 002 mm < 0. 002 mm 
Masonry sand 94.2 3.2 2.6 
Ida silt loam 14.5 64.4 21.1 
Colo silty clay loam 27. 9 36. 5 35.6 
Luton silty clay 12.0 30. 8 57.2 
Table 2. Water-stable aggregate in soils 
Soil Percent Percent Percent Percent 
> 2. 0 mm 2. 0-1. 0 mm 1. 0-0. 5 mm 0. 5-0. 25 mm 
Masonry sand 
Ida silt loam 2. 76 
Colo silty clay loam 2. 36 
Luton silty clay 2. 46 
1. 62 
6. 38 
9. 38 
2. 64 
17. 64 
28. 14 
2 .98  
21.68 
24.78 
The masonry sand, which technically may not be considered a soil, 
was washed and well-graded. Ida silt loam was obtained from the 
Western Iowa Experimental Farm near Castana, Iowa. It is a loess. 
Coio silty clay loam was obtained from the local Iowa State College 
farms. Luton silty clay was from the Luton Soil Type Experimental 
Farm, Sloan, Iowa. It is a Missouri River bottom-land soil. Each soil 
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was generally quite uniform and free from foreign material. 
Preliminary Investigation 
Objectives 
No model system could have been simpler and easier to use than the 
one developed by Bockhop. In a previous section, four possible causes 
of the poor predictions of that system were presented. The first three 
largely involved technique; the fourth involved inadequacy of the soil 
variables. Before abandoning that simple system on the basis of the 
fourth possibility, it was desirable to thoroughly explore the first three. 
Specific objectives of the preliminary investigation were: 
1. To improve the uniformity of soil compaction; 
2. To determine if a significant difference existed between the 
average soil bulk volume weight over the depth of operation of the model 
and of the prototype; 
3. To determine the effect of disk thickness on the soil forces; 
4. To run sufficient tests with Bockhop1 s model system, employing 
any new equipment and techniques, to determine definitely the need for 
a new model system. 
Soil compaction and preparation techniques 
Prior to running tests in the soil, it was desirable to achieve the 
maximum degree of uniformity throughout. After thoroughly mixing the 
soil with hand tools, the moisture and structure were usually quite uniform. 
To firm the soil to the same density, however, was a difficult problem. 
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Evaluation of compaction methods Bockhop had simulated a sheep19-
foot roller with the fingers and had pulled a cylindrical roller by hand to 
compact the soil. In seeking improved methods, two other hand-
controlled devices were tried. A wooden base, 7-1/4 by 10-1/2 inches 
and 1-1/2 inches thick was attached to a standard 5-lb. Proctor hammer. 
The hammer was placed to obtain the same number of hammer drops 
over the soil surface. Another device employing this impact principle 
was constructed, consisting of a steel plate to which was welded a num­
ber of steel rods to simulate the sheep1 s-foot roller. Both of these 
devices when used alone were considered unsatisfactory on the basis of 
bulk density samples. 
It was decided to try rolling the soil surface with wheels. Two sets 
of wheels were obtained. One set of four was approximately 20 inches 
in diameter with a steel rim of Y-shaped cross-section. The other set 
of six was 10 inches in diameter with I -inch wide zero-pressure tires. 
After unsuccessful attempts to pull the wheels by hand, a frame was 
constructed across the test track on which to mount the wheels and other 
soil-fitting equipment. The soil box could then be rolled under the 
frame and the position of the equipment accurately controlled. Each set 
of wheels was placed on a shaft which could be quickly mounted on the 
soil-fitting frame. Figure 7 shows the frame with a leveling blade in 
use and the small wheels mounted. The crossframe which supports the 
wheels cqilld be raised and lowered by screw-cranks on each end and 
then clamped rigidly to the upright when in use. 
Four methods of compaction were compared. One consisted of 
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operating the large wheels at a depth of 3 inches, then following with the 
small wheels 1-1/2 inches deep. Two of the methods were to operate 
the large wheels and follow with the Proctor hammer and to operate the 
small wheels followed by the Proctor hammer. The fourth method was 
to use the Proctor hammer alone. 
The procedure used for evaluating the compaction methods was to 
measure the draft of a disk on successive runs in the prepared soil, 
maintaining other variables fixed. The uniformity in the average draft 
measurements was considered a good indication of the uniformity of 
the soil. 
Data from these tests are presented in Tables 4 and 5, Appendix A. 
The combination of the small wheels and Proctor hammer proved far 
superior to the other methods. With that method, in repeated tests on 
both the 6-inch and 12-inch disks in both the Ida and Colo soils, draft 
measurements had a coefficient of variation of from 2. 43 to 4. 45 per­
cent (i. e., standard deviation as a percentage of the mean). This was 
considered reasonably good and that method of compaction was adopted 
for all future tests. A complete description of the method follows. 
Description of soil preparatioxutechnique The soil was thoroughly 
mixed and pulled to one end of the soil box with either a hoe or a rake. 
A rake was then used to pull the soil to the vacant end. A great deal of 
care was taken in this operation to try to distribute the soil uniformly 
and to avoid compaction as the rake formed a soil surface. Figure 8 
shows the soil being placed by the rake. 
The soil surface was then leveled as the box was pulled past a blade 
Figure 7. Soil-fitting frame with compaction 
wheels and leveling blade 
Figure 8. Soil being raked into position for 
compaction 
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attached to the soil-fitting frame (see Figure 7). The small wheels were 
lowered to a desired depth below the soil surface. Figure 9 shows the 
first pass of the wheels over the surface. The entire set of wheels was 
then moved over on the shaft and a return trip made on the unrolled 
portion of the surface. Six more passes were made with the wheels 
shifted predetermined distances on the shaft to obtain complete coverage. 
The surface as it appeared after rolling is shown in Figure 10. The 
small ridges of loose soil were then removed by the level blade. 
Further compacting was accomplished by the Proctor hammer. The 
hammer was dropped a definite number of times in a location, then 
moved to the adjacent location until complete coverage was obtained. 
Figure 11 illustrates this procedure. In some soil conditions, the blade 
was run again to remove small surface irregularities and loose soil; in 
other cases this was not necessary. 
Variation of soil bulk volume weight with depth 
The second objective of the preliminary investigation was to determine 
if a significant difference existed between the average soil bulk volume 
weight over the operating depth of the model and of the prototype. To 
accomplish this a soil box was fitted according to the established pro­
cedure described above and a number of volume weight determinations 
made through the 1-1/2 inch operating depth of the 6-inch disk and 
through the 3-inch depth of the 12-inch disk. 
Figure 12 shows the 2-inch diameter sampling tube used for removing 
a soil core and a can to contain the sample for weighing and for oven-
drying if desired for moisture determination. Also shown is the balloon-
Figure 9. Small compaction wheels in operation 
Figure 10. Soil surface after compaction with 
small wheels 
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Figure II. Modified Proctor hammer in. use 
Figure 12. Equipment used for soil bulk volume 
weight determinations 
27b 
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type volume meter (CN-980 Volumeasure, Soiltest, Inc., Chicago) used to 
measure the volume of the hole from which the core was removed. From 
these measurements of volume and weight, the bulk volume weight, or 
weight per unit volume, was calculated. 
The Colo soil at a moisture content of 22 percent was compacted by 
the standard procedure with the small wheels run 1-1/2 inches deep 
and the Proctor hammer dropped four times. Nine randomly located 
samples were taken through a depth of 1-1/2 inches and nine through 
a depth of 3 inches. Results are presented in Table 6, Appendix A. 
The difference in mean bulk volume weight through the two depths was 
significant at the 0, 001 level. 
In all succeeding tests, density samples were taken through depths 
corresponding to model and prototype. In practically all cases this pro­
cedure seemed justified by the difference in mean values of bulk volume 
weight through the different depths. 
Significance of disk thickness 
The 6-inch and 12-inch diameter steel disks which were obtained 
were made from material of the same thickness. It was desirable to 
know the significance of this distortion in geometric similarity. 
A lathe attachment was made to move the cutting tool in a circular 
arc. A 6-inch disk was mounted on a mandrel and, with considerable 
difficulty, tunned down to approximately 1/2 its original thickness. 
A series of tests was then made with a full-thickness and the half-
thickness disk operating in the Colo soil. The disks were sharpened on 
the back side by the manufacturer at an angle of approximately 54 
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degrees with the plane of the disk edge. The disks were operated at 
approach angles of 35 and 60 degrees with half- and full-thickness disks 
operated in alternate furrows at each angle. The angle of approach 
and the disk thickness were the only factors varied. The vertical-tilt 
angle was 0 degrees. Draft and vertical forces were measured during 
runs in three soil fittings and force averages for each run used for com­
parison. 
Results of these tests are presented in Tables 7 through II, 
Appendix A. Both the draft and vertical forces were significantly higher 
for the full-thickne s s disk at the 35-degree angle of approach. At the 
6O-degree angle, there was not a significant difference in the forces on 
the two disks. This result validates Bockhop's reasoned assumption that 
since his disk angle-of-approach was greater than the sharpening angle 
on his disks, the effect of thickness on the forces would be negligible. 
Final evaluation of the model system with soil variables based on 
mechanical analysis 
The final objective of the preliminary investigation was to test the 
model system using the variables which Bockhop had selected, but in­
corporating the results of earlier preliminary portions of this investiga­
tion. The variables, pi terms, and design conditions were previously 
discussed. 
The half-thickness 6-inch diameter disk was the model of the 12-inch 
prototype; thus, the condition of geometric similarity was satisfied. 
The improved compaction techniques were used. Bulk volume weight de­
terminations were made for the top 1-1/2 inches of soil, corresponding 
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to the 6-inch disk, and for the top 3 inches of soil, corresponding to the 
12-inch disk. 
The model and prototype were run at four values of the velocity pi 
term in the same soil fitting of Colo silty clay loam. All design and 
operating conditions were satisfied. Draft was measured and values of 
s- were calculated and plotted against —=r- • The tests were re-
wD g Rd 
peated in a second soil fitting. In both cases, the values of for 
wD 
the model were from 2 to 3 times those for the prototype. They should 
have been equal. The predictions were as poor as any which were re­
ported in Bockhop's investigation. 
Conclusions 
The conclusion was made that, though significant improvement had 
been made in techniques and all design conditions for a true model had 
been satisfied, the model system was not in fact a true model and that 
some pertinent soil variable, or variables, had been omitted in the model 
design. 
Development of a New Model System 
Hypothesis of pertinent soil variables 
From the work of McCreery and Nichols (3) and others and from per­
sonal observation and reasoning of the action of a disk on the soil, it 
was felt that the soil reaction on the disk was due to (a) the cohesive 
forces which resist the break-up of the soil mass and the movement of 
soil on soil (b) the adhesive and friction forces which resist movement of 
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soil on metal and (c) the force required to accelerate the soil. 
The last of these forces, the accelerating force, was accounted for by 
the inclusion of the soil bulk volume weight and the acceleration due to 
gravity as system variables. Since the soil plus its water content was to 
be accelerated, the volume weight on a wet basis was assumed pertinent. 
Measurable quantities which would account for the first two of the 
above-mentioned forces had to be found. Payne (6) had had reasonable 
success in predicting forces and volume of soil upheaval with simple 
tines from theoretical considerations utilizing the Coulomb equations 
from soil mechanics theory. His work suggested the use of the soil 
mechanics theory in this investigation. 
The Coulomb equation expresses the generally assumed relation 
(13, p. 7) between the normal stress on every section through a mass of 
cohesive soil and the corresponding shearing resistance per unit of area 
as 
S = C + <r tan 0 
where S = shearing stress, force per unit area 
C = apparent cohesion, force per unit area 
<r = normal stress, force per unit area 
0 = angle of shearing resistance. 
An equation of identical form expresses the relation between the normal 
stress and the tangential stress at an interface between the soil and some 
^other surface (the disk metal applies here) as 
S1 = A + <r tan 
where S1 = tangential stress at interface, force per unit area 
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A = apparent adhesion, force per unit area 
JJL = angle of friction (soil-to-metal). 
C, 0, A, and JJL are not constant properties for a given soil type but 
vary with the condition of the soil. They are, however, measurable 
quantities for a particular soil condition. 
The hypothesis was made that the pertinent soil variables which would 
determine the soil reaction on a disk were bulk volume weight, apparent 
cohesion, apparent adhesion, and the angles of shearing resistance and 
soil-to-metal friction. 
Apparatus for measurement of soil variables 
In order to determine the Coulomb soil variables, it was necessary to 
measure shearing stress under different normal stresses for a given soil 
condition. Payne and Fountaine (7) had developed a torsional shear 
apparatus for in situ measurement of shear strength based on an earlier 
theoretical development of the moment-stress relation of a cylinder of soil 
subjected to pure torque. The apparatus had yielded results which com­
pared well with commonly used laboratory shear tests. Their general 
design was used in the development of a similar apparatus. 
Basically, the method of shear strength measurement consisted of 
pushing a thin-walled steel cylinder into the soil, removing soil from 
around the outside and measuring the torque necessary to twist the en­
closed column of soil. The method of Payne and Fountaine was extended 
in this investigation to measurement of the tangential soil-metal stress 
in a similar manner by rotating a circular steel plate on the soil surface 
and measuring the resisting torque. The cylinder will be referred to as 
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the shear cylinder and the plate referred to as the friction plate. 
The measurement apparatus as set up for a shear strength measure­
ment is shown in Figure 13. The interchangeable shear cylinder was 
attached to a circular steel shaft which was loaded axially, when desired, 
by a removable pan and weights. The shaft was free to move axially 
within a steel tube, but rotated with the tube due to rollers pinned to the 
shaft and extending through slots in the tube. The tube was mounted on 
bearings and a handle for manual rotation was attached just above the 
bearing housing. The bearing housing was attached to a circular steel 
plate to which were hinged three legs. The legs could accommodate 
feet for field work or, as shown, a base for rack-mounting over the soil 
box. 
Torque required to rotate either the shear cylinder or friction plate 
was measured by use of four SR.-4 strain gages bonded to the tube in 
the well-known manner for torsional strain measurement. The apparatus 
was calibrated by applying known torques so that pen deflection on the 
Brush recorder could be interpreted directly in pounds per square inch 
shearing stress. A recoxwi of strain was obtained on the chart by means 
of the event marker actuated by sprocket teeth and a set of breaker 
points. A 20-tooth sprocket on the torque tube opened the breaker points 
every 18 degrees of rotation. 
A shear cylinder and the friction plate are shown in Figure 14. The 
small fins were attached to prevent the soil from slipping with respect to 
the cylinder. In use the cylinder was pushed into the soil until the closed 
end contacted the soil surface. The surrounding soil was cleared to a 
Figure 13. Torsional shear apparatus ready for 
Figure 14. Friction plate and shear cylinder 
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depth slightly below the bottom edge of the cylinder to insure that the edges 
were not supporting any of the normal load and to expose a short cylinder 
of soil between the shear cylinder and the main bulk of the soil below. 
The equation relating the shearing stress in this short cylinder to the 
twisting moment applied is 
( M +  #  
- zrr3 v" 3 d« 
where r = radius of the cylinder 
M = the twisting moment 
9 = the angle of twist in the short cylinder. 
The derivation is presented in reference (7). Assuming that the maximum 
shearing stress coincides with the maximum moment, a simplified form 
of the above equation results: 
s 3M 
max
" 2m:3 
This equation was used for calculation of maximum shear stress from 
maximum moment. By plotting maximum shearing stress versus normal 
stress, the apparent cohesion and angle of shearing resistance could be 
obtained if the Coulomb equation was satisfied by the measurements. 
An equation was derived for the friction plate, relating moment to 
tangential stress. By making the assumption that stress was independent 
of the distance from the plate center, the equation was 
3M S» = 
3 2irr 
where r is the plate radius. The derivation is presented in Appendix B. 
Again, by plotting tangential stress versus normal stress, the apparent 
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adhesion and angle of friction could be determined. 
The measurement of soil bulk volume weight has been described in a 
previous section. 
Design of the model system 
The general approach in a model design was discussed in the intro­
duction. The first step in such a design is to list the pertinent variables 
involved in the particular phenomenon. In this case, the following 
variables are assumed to be pertinent in determining the soil forces 
acting on a disk: 
Symbol Variable Dimensions 
R,. R , R draft, side, vertical soil force F d* s v 
D disk diameter L 
X other pertinent lengths L 
V disk velocity LT 
- 2  g acceleration due to gravity LT 
a disk horizontal angle - of - approach 
P disk vertical-tilt angle 
"• 3 
w soil bulk volume weight, wet basis FL 
—2 C apparent cohesion FL 
0 angle of shearing resistance 
- 2  A apparent adhesion FL 
p, angle of soil-metal friction 
where F = force, L = length, and T = time. 
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There are twelve variables in three dimensions. According to the 
Buckingham! Pi Theorem, nine independent pi terms may be formed. A 
definite mathematical procedure (4) is available for forming the pi terms 
or they may be formed by inspection, as was done in this case. 
A functional equation involving the nine pi terms was developed for 
the prototype as 
2 
R 
= 
f(Tr , ST » P. 0» H-» À 1 • 
wD3 xD ' gD ' ' r' f, WD' WD 
For the model, 
R X V2 C A 
m _ r* m m «art m m < 
* T) 9 a T> ' m9 P rr>9 m9 H* m9 xxr H 9 w T) ' * 
w D3 A' W wmDm' wmDm 
m m 
Since the functional relationship for model and prototype is the same, 
the dependent pi terms would be equal if the corresponding pi terms in 
each equation were equal. The design and operating conditions for a true 
model were then investigated. 
X . . 
1. -=2L. = •— or X = y since D = 12 
u JL) m L 
m 
inches and = 6 inches. This condition specified that each pertinent 
length on the model must be one-half the corresponding prototype length. 
This condition was satisfied by maintaining the following lengths: 
6-inch disk 12-inch disk 
Concavity 21/32 inches 1-5/16 inches 
Radius of curvature 7-3/16 inches 14-3/8 inches 
Depth of cut 1-1/2 inches 3 inches 
The width of cut was not always the same, but did always satisfy the de­
sign condition. On the basis of the results of the preliminary investigation, 
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the half-thickness 6-inch disk was replaced by one of full-thickness since 
its surface was more nearly perfect. The disks were re-sharpened at an 
angle of 35 degrees and were always operated with the disk angle of 
approach no less than 40 degrees. Thus, the effect of the model and 
prototype disks being the same thickness was negligible. 
2
- èv S 01 v- = à 
This relation between the model and prototype velocities was easily 
satisfied. 
3. am = a and 4. = |3 specified that the 
same position angles be used for model and prototype, a condition which 
was met. 
5. 0m = 0 . It was found in exploratory investigations with the 
torsional shear apparatus that the shear strength varied with depth. It 
appeared, with the model and prototype operating at different depths that 
this condition might not be satisfied. 
6. u = u would be satisfied if disks of the same material were 
m 
operated in the same soil condition. 
c c 
7. ——5*. = .SL or —— - \ — imposed a condition which 
w D wD w 2 w 
mm m 
seemed impossible to satisfy with soil. 
A A 
8 .  — =  . A ,  o r  - 2 2 -  =  4  —  l i k e w i s e  a p p e a r e d  i m p o s s i b l e  t o  
w D wD w 2 w 
m m m 
satisfy in soil. 
It was decided to use soil as a medium for operation and to work with 
the resulting distorted model. Design conditions 5, 7, and 8 were re­
written as 
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"m = 60 
Cm .. C 
wmDm V wD 
ÏT— = *7 
wm m 
where e , y, and are distortion factors. 
The functional equation for the model was then written 
TT ~ f t "D ' gD ' a* I3' €t5, ^'^wD ' ^wD 
w D 6 
m m 
Under these conditions, 
3 ~ 3 
wD5 w O 
m m 
where ô is a prediction factor, a function of the distortion factors. 
The model as designed was a distorted model. In order for the model 
to be workable, the relation between the prediction factor and the dis­
tortion factors had to be determined. 
Distorted-Model Tests 
Objective 
The objective of the distorted-model tests was to experimentally de­
termine the prediction factor, ô, as a function of the measured distortion 
factors. 
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Procedure 
In general, the procedure was to operate the model system, measuring 
forces on model and prototype and calculating prediction factors for as 
wide a range of distortion factors as possible. This required operating 
over a wide range of soil conditions. 
The scope of the tests was broadened considerably by making a 3-inch 
diameter disk geometrically similar to the 6-inch and 12-inch disks. The 
3-inch disk was treated as a model of both the 6-inch and 12-inch disks 
and the 6-inch was of course a model of the 12-inch disk. The range of 
distortion factors was greatly extended over that with only the 6-inch and 
12-inch disks. 
For all tests the soil was prepared according to the procedure pre­
viously described. In most tests all three disks were run in the same 
soil fitting with the 3-inch disk at a depth of 3/4 inches, the 6-inch at 
l-l/2inches, and the 12-inch at 3 inches. Before running the tests, 
measurements of shear strength were made at depths of 3/8, 3/4, and 
1-1/2 inches; that is, at one-half the depth of cut of each disk. At each 
depth, maximum shear stress records were made at four normal loads. 
A 4-inch diameter shear cylinder was used for the two deeper tests, 
using an insert to convert it from 1-1/2 to 3/4 inches deep. For the 
3/8-inch depth, the 4-inch diameter shear cylinder was not satisfactory 
because the enclosed soil cylinder was not stable due to the relatively 
large ratio of diameter to depth. A 2-7/8-inch diameter cylinder was 
found to be satisfactory in this regard. Exploratory shear tests with 
the two cylinders at a 3/4-inch depth indicated that variation in 
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measured properties between the two sizes was no greater than variation 
within one size. Friction tests were made only on the soil surface at 
four normal loads. The friction plate was dropped several times prior 
to loading from a height of two or three inches in order to obtain good 
soil-metal contact over the entire plate surface. Three soil bulk 
volume weight determinations were made at each disk operating idepttu. 
Two sections of the soil surface, each 2-feet long and separated by 
a section used for shear strength tests, were left undisturbed for force 
measurement. One value of the velocity pi term was chosen and held 
constant for a particular soil fitting in most of the tests. The draft com­
ponent and either the side or vertical force component were measured. 
Only one of the available oscillograph recording channels was operating 
satisfactorily during the majority of tests, so only one component could 
be measured on each run. Four runs were made with each of the three 
disks, each of the two components being measured on two runs. The 
two sections of the soil box gave two force determinations per run. Thus, 
R for each disk and each of two components, =— could be calculated 
wD 
as an average of four determinations. 
Tests were run in each of the four soil types at different moisture 
contents and different degrees of compaction. Different values of the 
velocity pi term were used. For all tests, o was 40 degrees and |3 was 
0 degrees; i.e. , the disk was vertical. Widths of cut were Il/l6, 
1-3/8, and 2-3/4 inches for the 3-, 6-, and 12-inch disks respectively. 
Depths of cut were specified above. 
The entire test setup is shown in Figure 15, with the 3-inch disk 
Figure 15. View of entire setup for model tests 
Figure 16. Three geometrically similar disks 
used for the investigation 
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ready for a test run. The drive unit may be seen in the lower left corner 
and the soil fitting frame beyond the test stand. Figure 16 shows the 
three disks used in the tests. 
Determination of prediction factors and distortion factors 
The prediction equation for the distorted-model system was 
where a subscript d, s, or v would be applied to R and 6 to designate 
draft, side, or vertical. Since the force pi terms (ir^) were experimental­
ly determined for model and prototype, prediction factors (6^ and 6g or 
6 ) were calculated as 
For a given set of runs, prediction factors were calculated for the 3-inch 
model of the 6-inch disk, the 3-inch model of the 12-inch disk and the 
6-inch model of the 12-inch disk. 
For each soil fitting, shearing stress and tangential stress were 
plotted against normal stress and C, 0, A and jjl determined by linear 
regression. A typical plot of maximum shear and tangential stresses is 
shown in Figure 17. Values of C and 0 were obtained for the three depths. 
There was of course only one value of A and |x. Distortion factors were 
calculated corresponding to each of the three pairs of model and pro­
totype as follows: 
R 
wD 
R 
m 
v 
ïïlm 
, _ m 6  
-  y-
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2
- vttt- = y *D ' 
m m 
^ = T& : 
m m 
y  -  t g -  h f x f -  )  
m m 
? = ( §- M î since Am = A* 
m m 
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RESULTS AND DISCUSSION 
Relation of Prediction Factors to Distortion Factors 
Data which were used in calculating prediction factors and distortion 
factors are presented in tabular form in Appendix C. 
For all tests conducted, the soil possessed an appreciable amount 
of apparent cohesion. Thus, C was definitely a variable, later shown 
to be a pertinent one, and the distortion factor, y, was present in all 
tests. The relation between y and the prediction factors will be 
presented after consideration of the other possible distortions. 
Values of apparent adhesion, A, as determined by linear regres­
sion analysis of the test data, are shown in Table 3. For the Luton 
silty clay, sand, and Ida silt loam, most values of A were very small, 
being in some cases zero or slightly negative. The general magnitude 
of the values for the Colo silty clay loam was considerably higher than 
for the other soils. It was observed from the plots of tangential vs. 
normal stress for the Colo soil that the two points corresponding to the 
lower normal stresses were on a line passing very nearly through the 
origin, while the two higher points generally dropped off of this line. 
This may be seen in the typical plot in Figure 17. It appeared that the 
experimental points would better fit a concave downward curve, pass­
ing approximately through the origin. The two upper points were ac­
counting for a decrease in slope of the linear regression curve, re­
sulting in the higher apparent adhesion. Thus, it was felt that in all of 
the soils the actual value of A was practically zero. Payne and 
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Figure 17. Typical plot of soil strength properties 
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Fountaine (8) and other workers have found that in most agricultural soils 
adhesion is negligible. It was concluded that, under the soil conditions 
for most tillage operations, apparent adhesion may be neglected as a 
variable. This conclusion, then, eliminated the distortion factor . 
Table 3. Apparent adhesion determined with torsional 
shear apparatus and steel friction disk 
Moisture Apparent 
Soil content adhesion 
'Percellt' (lb/in. 2) 
Colo silty clay loam 25 0.40 
25' 0. 20 
25 0. 38 
25 0. 30 
25 0. 31 
24 0. 36 
Luton silty clay 21 0.13 
26 0. 14 
25 0. 05 
Sand 2 -0. 03 
2 0. 00 
6 -0. 12 
6 -0. 20 
Ida silt loam 13 0. 00 
15 0. 39 
15 0. 18 
15 0. 22 
0m, determined at less depth, was in most cases slightly greater than 
0. The vast majority of values of € fell between 1. 0 and 1. 5. It was 
noted that the largest values of e resulted from shear strength data 
with an unusual amount of scatter. Figure 18 shows the draft, side and 
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vertical prediction factors plotted against e. It was realized that the effects 
of the other distortions were present in these data, but sufficient data was 
not available to separate the effects. Linear regression analysis of these 
data revealed a low probability of a significant relation between ô and e, 
a fact which is rather suspected from visual inspection. The data and 
statistics are presented in Appendix D. In view of the fact that there was 
little difference in 0 and 0m in most cases, the assumption was made that 
the difference in 0 and 0m was negligible. Thus, the distortion factor e 
was eliminated. 
Figures 19, 20, and 21 show the relation between the prediction 
factors 6^, 6g, and 6^ and the remaining distortion factor, y. By 
linear regression analysis, the following equations were obtained: 
The regression coefficients for Equations 1 and 2 are significant at the 
0. 01 level and for Equation 3 at the 0. 025 level. The data and statistics 
are presented in Appendix D. Curvilinear regression analysis was 
made on the data of Equation 1, but the second degree fit was no improve­
ment on the linear fit. Equations 1 through 3 should yield reasonable 
prediction factors for y > 1 and otherwise in the range of the plotted data. 
The amount of scatter present in this distortion-prediction data does 
not seem too excessive, considering the usual difficulty in obtaining con­
sistent results from soils and considering the facts concerning the 
measurement of this data. The accuracy of each plotted point is dependent 
ôd = 0.580 - 0.0685 y 
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upon the accuracy in measurement of a disk force component, of the ap­
parent cohesion of the soil, and of the bulk volume weight of the soil. 
The statistical precision of all these estimates is rather low and, in the 
case of the last quantity, the accuracy of the measurement is doubtful 
as will be explained later. 
It should be pointed out that in this investigation the assumption 
was made that the shear strength of the soil was independent of the 
rate of strain. Thus, rate of strain in the strength tests was approxi­
mately equal for model and prototype, whereas the velocities of model 
and prototype disks were different. Rowe (10) has since equipped the 
torsional shear apparatus with a mechanical variable -speed drive and 
studied the effect of strain rate on shear strength. He found that both 
C and 0 increased with increased rate of strain. Fountaine and Brown 
(2) in recent work in England with the torsional shear apparatus found 
no significant difference due to rate of strain. However, their strain 
rates were at hand-operated speeds and in the range of the lowest rates 
used by Rowe. 
If 0 had been obtained at a higher rate of strain than 0m, as would 
have been required by a consideration of the effect of the rate, it 
0 
appears that e = -g— would have been even closer to 1 in most cases. 
Thus, the assumption that 0 = 0m still appears to be valid. It seems 
impossible to determine the effect of consideration of rate of strain on 
the relation between 6 and y in this investigation. In view of the present 
precision of all measurements, it is the author's opinion that to neglect 
the effect of rate of strain on shear strength is reasonable. However, 
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as improvement can be made in this respect, further consideration of this 
effect would definitely be desirable. 
Prediction of Force vs. Velocity Curves 
In order to determine the success of the model system in predicting 
forces, tests were conducted in three of the soils, measuring soil force 
components as a function of velocity. Model and prototype disks were 
operated at four values of the velocity pi term and force pi terms were 
determined for each. Predictions were made from the model to the pro­
totype for comparison with the measured prototype values. 
Draft measurements were made in the Ida silt loam, treating the 3-inch 
disk as a model of both the 6-inch and 12-inch disks and the 6-inch disk 
as a model of the 12-inch disk. In the Colo silty-clay loam, draft, side, 
and vertical forces were measured with the 3-inch model and 6-inch 
prototype. In the masonry sand, draft was measured with the 3-inch 
model and 12-inch prototype. For all tests, the disk angle of approach 
was 40 degrees and the disks were vertical. Standard procedures, as 
previously described, were used. Model and prototype disks were oper­
ated in the same soil-fitting except in the Ida soil where the 12-inch disk 
was operated in one soil-fitting and the 3- and 6-inch disks in another 
on the same day. Force vs. velocity curves in dimensionle s s form are 
shown in Figures 22 through 28. The curves were fitted by linear regres­
sion using average force pi term values from the measurements. Data 
from the tests are presented in Appendix E. 
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Figure 22. Actual and predicted draft pi term vs. velocity 
pi term curves for 3-inch model and 6-inch 
prototype disks 
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Figure 23. ' Actual and. predicted, draft pi term v$. velocity 
pi term curves for 3-inch model and 12-inch 
prototype 
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Figure 24, Actual and predicted draft pi term vs. velocity 
pi term curves for 6-inch model and 12-inch 
prototype 
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Figure 25. Actual and. predicted draft pi term vs. velocity 
pi term curves for 3-inch model and 6-inch 
prototype 
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Figure 26. Actual and predicted vertical force pi term vs. 
velocity pi term curves for 3-inch model and 
6-inch prototype 
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Figure 27. Actual and predicted side force pi term vs. 
velocity pi term curves for 3-inch model and 
6-inch prototype 
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Figure 28. Actual and predicted draft pi term vs. velocity 
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prototype 
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The results of these tests afford a comparison between the predictions 
of this distorted model system and the system which Bockhop (I) used. 
Under Bockhop1 s assumption that the pertinent soil variables were clay 
content, moisture content, and bulk volume weight, the model theory 
indicated that a true model existed. In Figures 22 through 28, the 
curves for the model are the predicted prototype curves for the true-
model system. It is seen that the curves predicted by the distorted-
model system are much closer to the actual prototype curves than are 
the model curves. 
Bockhop conducted similar force vs. velocity tests with his 5-inch 
model and 10-inch prototype disks. The magnitude of the differences 
between his model and prototype curves compares closely to the author's 
results between the 3-inch and 6-inch disks and between the 6-inch and 
12-inch disks. Differences between the 3-inch and 12-inch disks in the 
Ida soil and in sand were, however, considerably greater than were 
those determined by Bockhop. This difference is to be expected, since 
the magnitude of the distortion in the cohesion pi term is directly pro­
portional to the length scale. The length scale between the 3-inch and 
12-inch disks was, of course, twice the length scale between the 5-inch 
and 10-inch disks used by Bockhop. There is also some possibility that 
a 3-inch diameter disk is not large enough in comparison to the soil 
aggregates to exert the same action on the soil as do the larger disks. 
It is felt that the curves predicted by the distorted model system 
demonstrate the ability of the system to make reasonable force pre­
dictions. Judging by the amount of variability present in the forces 
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measured one would expect to find differences between repeated force vs. 
velocity tests in the same soil with the same disk. This can be seen by-
examination of the data in Appendix E. It is believed that the predicted 
curves would fall within the range of prototype curves which would re­
sult from such repeated tests. 
Limitations of the Investigation and 
Suggestions for Future Research 
One of the chief shortcomings of the technique used in this investiga­
tion was in the method of measuring volume in soil bulk volume weight 
determinations. Unless the soil is extremely dense, it is virtually 
impossible to pump the water-filled balloon into the hole from which the 
sample was removed with assurance that the balloon is completely 
filling the volume without appreciably compressing the surrounding soil. 
In either case, the true volume is not measured. A definite effort 
should be made to get a more dependable estimate of this highly critical 
variable. 
The question of the effect of rate of strain on the maximum shear 
strength determinations needs to be resolved. For this to be done con­
clusively and also for the general improvement of the system, the 
precision in measurement of shear strength needs to be increased. 
Although the uniformity of soil compaction was improved consider­
ably in this investigation, continued efforts should be made. 
As the above techniques are improved, a more precise relationship 
between the prediction factor and the distortion factor should be obtained. 
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In using this relationship in tests of various kinds, better predictions will 
be made due to a more reliable prediction factor and due to more precise 
determination of the force pi term for the model. 
The model system has been developed for a concave disk. Its use 
can likely be extended to other tillage implements with little difficulty. 
Further investigation with other implements is suggested. 
If six-channel recording equipment is available for recording forces 
on all load cells simultaneously, a study should be made of the model's 
ability to predict position and direction of the resultant soil force. 
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CONCLUSIONS 
1. Similitude can definitely be used successfully in investigations of 
forces on at least one tillage implement. A workable distorted-model 
system was developed which will predict the magnitude of soil force com­
ponents on a concave disk with reasonable accuracy and reliability. 
2. Representative top soils used in the investigation develop maxi­
mum shearing stresses, under normal stresses up to 4 pound s-per-
square-inch, which fit reasonably well the Coulomb equation from soil 
mechanics. 
3. Adhesion is negligible in the soils used under soil moisture con­
ditions suitable for tillage and may be disregarded as a variable in the 
model system. 
4. The pertinent soil variables which determine forces on a concave 
disk are (a) bulk volume weight, (b) apparent cohesion, (c) angle of 
shearing resistance, and (d) angle of soil-metal friction. 
5. Further work is needed to improve uniformity of and reliability 
in measurement of soil bulk volume weight and to improve the measure­
ment of the other variables. 
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SUMMARY 
The objective of this investigation was to develop a workable and reli­
able model system for investigations of tillage implement forces. Some 
of the basic equipment used and a knowledge of certain problems to be 
overcome were obtained from an earlier study (1) which has been re­
viewed. 
The implement selected for this investigation was the concave disk, 
a section of a sphere. Steel, geometrically similar disks were obtained 
in diameters of 3, 6, and 12 inches. In tests, the 3- and 6-inch diame­
ter disks were treated as models of the 12-inch disk and the 3-inch also 
as a model of the 6-inch disk. 
Any one of four soil boxes could be pulled on a track by an electric 
variable-speed drive unit. The disk to be tested was mounted on a frame 
which straddled the soil box. The disk was suspended by six load cells 
employing SR-4 strain gages as force-sensing elements. Strain patterns 
from the load cells could be recorded by an oscillograph and interpreted as 
forces through calibration. 
A preliminary investigation was undertaken for the purpose of de­
veloping techniques of soil compaction and measurement of bulk volume 
weight and of definitely establishing the need to seek different defining 
soil variables than those which were used in the previous investigation 
mentioned above. It was concluded that further development of the model 
system would depend upon finding pertinent new soil variables. 
A hypothesis of the soil variables pertinent in determining the soil 
forces acting on a disk was made and the following complete list of 
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variables resulted: 
R — a resultant soil force component 
D = disk diameter 
X = any other pertinent length 
V = disk velocity 
g = acceleration due to gravity 
a = disk horizontal angle-of-approach 
P = disk vertical-tilt angle 
w = soil bulk volume weight 
C = apparent cohesion 
0 = angle of shearing resistance 
A = apparent adhesion 
V- = angle of soil-metal friction. 
A torsional shear apparatus was developed for measurement of C, 0, A, 
and p.. By using dimensional analysis and the Buckingham Pi Theorem, 
the following functional equation was written for a prototype disk: 
= 
f<s ' Jr » a* ?" 
wD 6 
For a model in a given situation to yield the same value of the dependent 
pi term, all corresponding independent pi terms must be equal to those 
for the prototype. 
All design and operating conditions for a true model could not be 
satisfied. The system was a distorted model. For such a model, the 
dependent pi term is not expected to be equal to that of the prototype, but 
rather a ratio of the two is equal to a prediction factor which is a function 
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of the distortion factors involved in the unsatisfied design conditions. 
Tests were run covering a wide range of soil conditions for the pur­
pose of determining a relationship between the prediction factor and 
distortion factors. Four soils ranging from nearly pure sand to silty 
clay were used for the measurement of draft, side, and vertical force 
components on the three disks. From the soil strength measurements 
associated with this series of tests, it was concluded that apparent ad­
hesion was negligible and that the only significant distortion in the 
system was in the pi term involving apparent cohesion. Empirical 
equations relating draft, side, and vertical prediction factors to this 
distortion factor were developed. 
The final result, then, was a model system designed on the basis 
of the functional equation, 
~3 = f  (è'  |D'  a '  §D ) 
where the variables were defined above. If the model is operated in 
the prototype soil and it is assumed that 0 does not change appreciably 
between the depth of model and prototype disks, then corresponding pi 
terms for the model may be made equal to those for the prototype with 
Cm C the exception of the last one. Instead, w ^— = y , where y 
m m 
is the distortion factor. C and w must be determined at depths cor­
responding to model and prototype and y can be calculated. 
Then, for the model, 
= f{
~5" ' Jd » a* f3» 0 ' v- > y S} 
m m 
71 
R where 6 is the prediction factor. With 
R 
m 
3 
wD 
determined for the model and with the prediction factor determined from 
the value of y (for y > I and otherwise in the range of the empirical equa-
One further test of the system was made in a series of runs on model 
and prototype disks at varying velocities. Force versus velocity curves 
were predicted with reasonable accuracy and with great improvement 
over the previous attempts at such predictions with a true model. 
The chief conclusion from this investigation is that the distorted-
model system is workable and will predict the magnitude of soil force 
components on a concave disk with reasonable accuracy and reliability, 
but that further work is needed to improve certain techniques. It is 
believed that the system can be extended to other tillage implements 
with little difficulty. 
tion), R may be calculated for the prototype. 
wD 
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Table 4. Evaluation of compaction methods with 6-inch 
disk in Ida silt loam 
Run Average draft Mean draft Standard Coefficient of 
no. each run for method deviation variation 
(lb) (lb) (lb) (percent) 
Method: Large and small wheels 
6-30-58 
1- 1 4. 55 
2 4 .43 
3 4. 24 
4 5. 12 
5 4. 68 
6 4. 36 
7 4 .74 
8 4 .80 
9 4. 86 
10 4. 36 
II 3.79 4.54 0.360 7. 93 
Method: Small wheels and Proctor hammer 
6-30-58 • 
2- 1 .3. 35 
2 3. 42 
3 3.23 
4 3.23 
5 3. 23 
6 3. 16 
7 3 .29 
8 3. 29 
9 3. 29 
10 2. 98 
11 2. 98 
3.  23 0 .138 4.  28 
Method: Large wheels and Proctor hammer 
7-1-58 
1-  1  4 .53 
2 4 .74 
3 3 .95 
4  3.69 
5 3 .58 
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Table 4. (continued.) 
Run Average draft Mean draft Standard Coefficient of 
no. each run for method deviation variation 
(lb) (lb) (lb) (percent) 
6 3. 32 
7 4 .21 
8 3.27 
9 3 .11 
10 3.11 
11 2 .84 
3.  66 0 .621 16.92 
Method: Proctor hammer 
7-1-58 
2- I 2. 24 
2 2 .00 
3 2 .04 
4 1.94 
5 2 .00 
6 2 .00 
7 2 .06 
8 1. 61 
9 1 .59 
10 I. 61 
7-2-58 
1- 1 2.79 
2 3.06 
3 3 .06 
4 3.16 
5 3 .16 
6 3.11 
7 3. 06 
8 2. 90 
9 3. 21 
10 3. 26 
11 3.00 
1.91 0.225 11.78 
Method: Small wheels and Proctor hammer 
3.06 0.136 4.45 
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Table 5. Evaluation of compaction with small wheels and 
Proctor hammer in Colo silty clay loam 
Run Average draft Mean, draft Standard Coefficient of 
no. each run for series deviation variation 
(lb) (lb) (lb) (percent) 
6-inch disk 
7-3-58 
1- 1 5 .61 
2 6. 02 
3 5 .72 
4 5. 61 
5 6 .02 
6 6 .02 
7 5. 92 
8 5 .72 
9 5 .82 
10 6. 02 
11 5. 61 
5.83 0.  179 3.08 
12-inch disk 
7-11-58 
I-  1 13.97 
2 13.48 
3 13.22 
4  13.48 
5 13.17 
6 13.07 
13.40 0.  326 2 .43 
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Table 6. Analysis of difference3, in soil bulk volume weight 
for depths of 1 -1/2 and 3 inches^ 
**nc^e Bulk volume weight (lb/ft^) 
1-1/2 inches 3 inches 
X X, 
s d 
1 80.5 69.8 
2  81 .0  68 .8  
3 81.7 69.1 
4  81.5 64.4 
5 73.2 66.4 
6 80. 6 65.6 
7 80.2 66.8 
8 74.2 65.5 
9 80. 1 69.9 
X = 79.22 X,  = 67.48 
s rt 
Sx 2  = 81.24 Sx 2  = 34.06 
s d 
3— — — 1 .267 
Xs~~d 
xs"xd 
tg (16 degrees of freedom) = 4.015 
aSee reference number (II). 
^Colo silty clay loam at 22 percent moisture. 
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Table 7. Difference in draft due to thickness of 
disk at a = 35 degreesa 
Run Draft (lb) 
no. Half-thickness Full-thickness 
7-5-58 
1-1 5.51 
2  6 . 1 2  
3 6 .02 
4  6.32 
5 5 .91 
6 6 .43 
7 5 .71 
8 6 .83 
9 6. 32 
10 6 .73 
= 5 .894 D f  = 6.486 
Sd£ = 0.  3789 Sd f 2  = 0.3426 
S-r -r = 0.1899 
df\ 
_ 6 .486 -  5.894 _ ,  ,  ?  
t  0.  1899 ~ 3* 1 7  
tg Q25 (8 degrees of freedom) = 2. 752 
a6-inch disks in Colo silty clay loam at 23 percent moisture. 
82 
Table 8. Difference in vertical force due to thickness 
of disk at a = 35 degreesa 
Run Vertical force (lb) 
no. Half -thickne s s Full-thickne s s 
Vh Vf 
7-5-58 
1- 1 5 .22 
2 6. 27 
3 5. 71 
4 6. 67 
5 5 .79 
6 6.11 
7 5. 63 
8 G
O O
 
9 5 .63 
10 6.19 
Vh  = 5.596 V f  -  6.464 
2v[= 0.1943 Sv f 2  = 0.6600 
S— — = 0. 2066 
Vk 
'  -  
b
- t \ ;â- 5 9 b  -  4.2.1 
ty QQg (8 degrees of freedom) = 3.832 
a 6-inch disks in Colo silty clay loam at 23 percent moisture. 
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Table 9. Difference in draft and in vertical force due to 
thickness of disk at a = 60 degrees3-
Vertical force (lb) 
Half- Full-
thickne s s thickne s s 
Run 
no. Half-
thickne s s 
Draft (lb) 
Full-
thickness 
7-5-58 
2- 1 
2 
3 
4 
5 
6 
Means 
7. 61 
7.61 
8 , 1 6  
7.  793 
7 .85 
: 7 .93 
. 7. 54 
7.773 
3.96 
4. 64 
4.57 
4.390 
4. 20 
5.00 
4. 08 
4. 427 
6-inch disks in Colo silty clay loam at 23 percent moisture. 
Table 10. Difference in draft due to thickness of disk 
at à = 60 degreesa 
Draft (ibT Run 
no. Half - thickne s s 
D, 
Full-thickne s s 
D, 
7-7-58 
1- 1 
2 
3 
4 
5 
6 
h 
,2 
7. 85 
7.85 
7. 69 
= 7 .797 
ScÇ = 0.0171 
7.85 
8. 25 
7. 61 
D f  = 7.903 
se  = 0.2091 
= 0.1942 
t  = 7 - 9OA;42 797 = 0.^6 
tg Qg (4 degrees of freedom) = 2. 776 
6-inch disks in Colo silty clay loam at 23 percent moisture. 
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Table 11. Difference in vertical force due to thickness 
of disk at a = 60 degrees a 
Run Vertical force (lb) 
no. Half-thickness Full-thickness 
\ vf 
7-7-58 
1-  1  4 .70 
2 4.45 
3 4 .94 
4  4.20 
5 4 .08 
6 4 .20 
Vh  = 4.283 V f  = 4.573 
2v2 = 0.0417 Sv2 = 0. 3939 h 
S- - = 0. 2694 
vf"vh 
* = 0^2694 " 283 = 1, 076 
tfl 05 (4 degrees of freedom) = 2.776 
a6-inch disks in Colo silty clay loam at 23 percent moisture. 
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Appendix B: Derivation of Équation for Tangential Stre s 
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A MOMENT, dMt IS REQUIRED TO TWIST THE 
SHADED ELEMENT OF THE CIRCULAR FRICTION 
PLATE AS SHOWN BELOW. 
ASSUMPTION: THE UNIT TANGENTIAL STRESS, 
I S  I N D E P E N D E N T  O F  T H E  R A D I U S ,  x .  
dM = xdF 
dF = S ' (2TTxdx)  
dM = 2TrS 'x 2 dx 
M =^r2tTS'x2dx 
M =2/3nS'r 
s . J^ L 
Figure 29. Derivation of equation for tangential stress 
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Appendix C: Data from Distorted-Model Tests: 
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Table 12. Distorted-model tests in Colo silty clay loam3-
Run Disk ^2 w R^ C 0 A 
n
°' (itu ) gP (lb/£t3) wp3 (lb/in. 2) (degrees) (lb/in. 2) 
8-4-58 
1-1 6 0.  060 65. 0 0.  054 1.29 15.4 
0. 054 
1-2 0.137 0.  068 
0.  066 
1-3 12. 0 .  059 62. 0 0.  020 1 .45 13.4 
1 —4 0 .133 0. 024 
0.  026 
1-5 0. 060 0.  022 
0. 022 
> 
1-6 0.133 62. 0 0.  022 
0.  022 
1-7 6 0.  059 65.0 0. 058 1.29 15.4 
0.  054 
1-8 0.137 0.  063 
0.061 
2-1 3 0.  061 72. 1 0.  164 1. 75 19.6 
0.151 
2-2 0.137 0.179 
0.  169 
2-3 6 0.  061 62.5 0. 055 1.13 15.4 
0.  053 
2-4 0.138 0.073 
0.  071 
2-5 0.  06l  0 .  058 
0.  055 
2-6 0.138 0.  069 
0.  071 
2-7 3 0.061 72.1 0.181 1. 75 19. 6 
0.  187 
2-8 0.137 0.215 
0. 206 
aMoisture content = 25 percent. 
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Table 12. (Continued) 
Run Disk Z2 w ~ Rl C I 0 Â T 
no. dia. (lb/ft ) ~ (lb/in. ) (degrees) (lb/in. ) 
(in. ) & wD 
8—6—58 
1-1 6 0.  061 68.  1  0 .643 1.49 23.4 0.  38 
0 .  643 
1-2 0.  138 0 .777 
0.  724 
1-3 12 0.  060 59.7 0.291 2.  00 9.  8  
0 .  278 
1-4 0.133 0.  321 
0. 308 
1-5 0.  060 0.  273 
0. 269 
1-6 0.132 0.  32& 
0. 301 
1-7 6 0.  060 68.  1  0 .629 .1 .49 23.4 
0.596 
1-8 0.  138 0.  689 
0.689 
2-1 6 0.060 68.5 0.  760 1.  34 22.2 0.  30 
0 .  803 
2-2 0.  137 0.  790 
0.  772 
2-3 3 0 .062 81.4 2.010 2.32 14.9 
2. 010 
2-4 0.  137 2.  320 
2. 160 
2-5 0.  062 2.  010 
1.  970 
2-6 0.  137 2 .230 
2. 230 
2-7 6 0 .060 68.5 0.595 1.  34 22.2 
0. 549 
2-8 0.137 0.  919 
0.  851 
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Table 12. (Continued) 
Run Disk v2 w , R, C - 0 A -
no. dia. -=rr- (lb/ft ) (lb/in. ) (degrees) (lb/in. 
( in.)  g U  wD_ 
8-8-58 
1-1 3 0.  061 76.0 1.420 2.  11 18.6 0.  31 
1 .538 
1-2 0.  138 1.  679 
1 .770 
1-3 0.  062 1.569 
1.  638 
1-4 0.138 1.600 
1.865 
1-5 6 0.  061 72.  5  0 .  519 1 .12 23.0 
0.541 
1-6 0.  138 0 .514 
0. 612 
1-7 0.  060 0.  563 
0.563 
1-8 0.  137 0.  638 
0 .563 
1-9 12 0.059 60.  8  0 .254 1.  30 21.6 
0.249 
1-10 0.  133 0.  248 
0.269 
1-11 0.060 0. 201 
0. 230 
1-12 0.  133 0.  235 
0 .237 
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Table 13. Distorted-model tests in Colo silty clay loama 
Run Disk y2 w R~ R~ C 0 A 
a
°' (in!) g5" <lb^ft3V ^ (lb/in.2) (deg) (lb/in.2) 
8-12-58 
1-1 3 0 .063 73.  6  0 .414 0.  919 1 .64 19.3 0.36 
1-2 
1-3 
1-4 
1-5 6 0 .060 67.  8  0 .236 0.  319 1.  34 14.9 
1 -6  
1-7 
1-8  
1-9 12 0.064 61.  1  0 .122 0.124 1.70 8 .4  
1-10 
1-11 
1 -12  
    
0. 414 1. 122 
0. 138 0. 517 1. 032 
0. 645 1. 190 
0. 063 0. 663 0. 970 
0. 746 1. 122 
0. 138 0. 517 1. 110 
0. 645 I. 271 
    
0. 252 0. 338 
0. 138 0. 294 0. 359 
0. 317 0. 389 
0. 060 0. 236 0. 348 
0. 220 0. 329 
0. 138 0. 247 0. 332 
0. 225 0. 359 
     
0. 118 0. 116 
0. 141 0. 132 0. 132 
0. 142 0. 132 
0. 063 0. 108 0. 109 
0. 119 0. 113 
0. 143 0. 126 0. 142 
0. 117 0. 126 
aMoisture content = 24 percent. 
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Table 14. Distorted-model tests in Luton silty clay 
at 22 percent moisture3-
Run Disk and w R^ Rg C v A 
°°' comport ^3 (lb/in.2) (deg) (lb/in. \ 
8-13-58 
1-2 6 D 66.  1  0 .507 0.65 29.  0  
0 .591 
1-3 6 S 0.376 
0.  376 
1-4 0.269 
0. 297 
1-5 12 S 64.  5  0 .  163 1.  17 19.5 
0.  179 
1 -6  0 .118  
0.134 
1-7 12 D 0.177 
0. 202 
1-8 0.209 
0. 201 
1-9 3D 73.  2  1 .439 1.  63 21.3 
1.026 
1-10 1.035 
0.833 
1-11 3 S 0.649 
0. 649 
1-12 0.518 
0. 649 
93 
Table 15. Distorted-model tests in Luton silty clay 
at 21 percent moisture3. 
Run Disk and w R^ R C 0A 
a
°' component <lb/ft3> ^ ^ ^ 
8-14-58 
1-1 3 V 76.  3  0 .992 1.  38 26.  0  0 .  13 
0. 924 
1-2 0.924 
0.  992 
1-3 3D 1.328 
1.428 
1-4 1.277 
1.176 
1-5 6 D 70.4 0.456 1.08 22.4 
0.  476 
1-6 0.427 
0.425 
1-7 6 V 0.372 
0. 436 
1-8 0.475 
0. 475 
1-9 12 V 64.  3  0.  163 1.  94 10.3 
0.163 
1-10 0.163 
0.163 
1-11 12 D 0.220 
0. 209 
1-12 0.178 
0.190 
a 
y2 Jd  =  ° - 1 3 8 -
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Table 16. Distorted-model tests in Luton silty clay 
at 26 percent moisture3-
Run Disk and w R^R C 0 Â 
n
°~ compcmeat < lb' f t3> ^ (lb/in.2), (deg) (lb/to. 2) 
8-19-58 
1-1 3D 70.4 1.462 1.44 20.0 0.14 
1. 252 
1-2 1.687 
1. 349 
1-3 3 V 1.059 
0. 970 
1-4 1. 181 
1. 090: 
1-5. 6 V 61. 6. , . 0.437 1,73 11.9 
0. 379' 
1—6; 0.437 
0... 382, 
1-7 6 D 0,513. 
0. 444 
1-8 0.539 
0. 471 
1-9 12 D 54. 2 0. 255 .. 1.2.8 17.0 
0. 242 
1-10 0.230 
0, 245 
1-11 12 V 0.172 
0. 168 
-f? = 0. 062 . gD 
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Table 17. Distorted-model tests in Luton silty clay 
at 25 percent moisture3-
Run Disk and w R, R C 0 Â ~ 
a
°- component <1^^, ~3 ~3 (XWin. 2) <*»> 
8-20-58 
1-1 3D 64.4 1.270 1.74 20.0 0.05 
1.270 
1-2 1.194 
1.194 
1-3 3 S 0. 657 
0. 692 
1-4 1.048 
0. 853 
1-5. 6 S 55.4 0. 346 1.55 15. 9 
0. 385 
1-4 0.403 
0. 422 
1-7 6 D 0.600 
0. 585 
1-8 0.547 
0.578 
1-9 12 D 53.0 0. 233 1.68 12.3 
0. 244 
1-10 0.248 
0.253 
1-11 12 S 0.127 
0.148 
1-12 0.150 
0. 150 
96 
Table 18. Distorted-model tests in sand at 2 percent 
moisture 
Run Disk and w R^RT C 0 A 
component ' lb/ft3' ^ <de«' *> 
8-21-58 
1-1 3 D 
1 - 2  
94 0.125 
0.153 
0.132 
0.132 
0. 54 14.9 -0.03 
1-3 
1-4 
3 S 
1-5 
I—6 
1-7 
1-8  
1-9 
1-10  
1 -11  
1 -12  
6 S 
6 D 
12 D 
12 S 
94 
94 
0. 065 
0.070 
0. 080 
0. 080 
0.065 
0.067 
0. 051 
0.051 
0.068 
0. 084 
0.051 
0.051 
0. 044 
0. 038 
0. 044 
0.038 
0. 28 
0. 30 
19.1 
21.5 
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Table 19. Distorted-model tests in sand at 2 percent 
moisture 
Run Disk and w R~^ R C 0 A 
a
°' component v^3 w? ( lb/ in-^ ^ ^ 
8-21-58 
2—1 3 D 94 0.090 ———— — — — — 0.00 
0.091 
2-2  0 .126 
0.139 
2-3 3 V 
2-4 
2-5 6 V 94 0.017 0.47 17.1 
0. 026 
2-6 0.043 
0.034 
2.7 6 D 0.055 
0.065 
2.8 0. 070 
0. 065 
2-9 12 D 94 0.045 0.46 17.2 
0. 040 
2-10 0.044 
0. 044 
2-11 12 V 0.016 
0. 016 
2-12 0.022 
0.015 
a 
V2 
iD = °'139' 
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Table 20. Distorted-model tests in sand at 6 percent 
moisture3. 
Run Disk and w R^ R C 0 A 
component t""'*'3' wD3 < lb/ i°- <de8> < lb/ in- ^  
8—22—58 
1-1 3D 95.5 0. 178 0.49 17. 2 -0. 12 
0.260 
1-2 0. 150 
0.137 
1-3 3 S 0.173 
0. 260 
1-4 0.259 
0.172 
1-5 6 S 95. 5 0. 031 0. 57 15.5 
0. 046 
1-6  0 .092 
0.092 
1-7 6 D 0.077 
0. 077 
1-8 0.088 
0. 088 
1-9 12 D 95.5 0.052 0. 30 18.7 
0. 054 
1-10 0.051 
0. 051 
1-11 12 S 0.046 
0. 046 
1-12 0.047 
0. 052 
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Table 21. Distorted-model tests in sand at 6 percent 
moisture 
Run Disk and 
no. force 
w R R C 
component < lb/ft  > ^ ,D3 > 'de«> ^/im. 
8-22—58 
2-1 3 D 
2-2  
2-3 
2-4 
3 V 
95.5 0.164 
0.178 
0.  192 
0 .192 
0. 39 19.4 -0.20 
2-5 
2-6 
2-7 
2—8 
2-9 
2-10 
2-11 
2-12 
6 V 
6 D 
12 D 
12 V 
95.5 
95.5 
0. 090 
0. 090 
0. 088 
0.093 
0.057 
0. 059 
0. 052 
0.054 
0.045 0.53 
0. 037 
0. 042 
0. 026 
17. 2 
0.51 
0.024 
0.024 
0.022 
0. 025 
16. 6 
gD = 0.139. 
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Table 22. Distorted-model tests in Ida silt loam at 
13 percent moisture 
Run Disk and w R^ R C j5 Â 
°°' Client ' lb/ft3' ^D3 ^ ' lb/ ia-2' 'de«> ' lb/ ia- "I 
8-25-58 
1-1 3D 71. 1 0.499 0. 78 19.9 0. 00 
0.478 
1-2 0.517 
0.554 
1-3 3 S 0.569 
0.456 
1—4 -——— 
1-5 6 S 66. 1 0. 175 0. 72 18.4 
1-6 0.153 
0. 131 
1-7 6 D 0.177 
0.177 
1-8 0. 200 
0.200 
1-9 12 D 60. 6 0. 135 0. 79 13.6 
0.121 
1-10 0 .128 
0. 135 
I-1I 12 S 0.095 
0. 103 
1-12 0.095 
0. 095 
V 
gD" = 0.138 
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Table 23. Distorted-model tests in Ida silt loam at 
13 percent moisture 
Run Disk and w R^ ~R C ($ Â 
n
°" composent ~3 ^3 (lb/in.2) (dag) (lb/in.2) 
8-25-58 
2-1 3D 72. 5 0. 581 1. 17 17. 6 
0. 544 
2-2 0.544 
0.508 
2-3 3 V 0.376 
0. 376 
2-4 0. 376 
0. 313 
2-5 6 V 66. 6 0. 150 0.74 19.8 
0.201 
2-6 0.150 
0.125 
2-7 6 D 0. 180 
0. 216 
2-8 0.180 
0. 216 
2-9 12 D 62. 6 0. 156 0.92 14.0 
0.163 
2-10 0.139 
0. 145 
2-11 12 Y 0.084 
0. 093 
2-12 0.098 
0.093 
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Table 24. Distorted-model tests in Ida silt loam 
at 15 percent moisture 
Run Disk and w R^ ËT C 5? A 
°°' component < lb/ft3> ^ lÈ3 ^ <deE> 
8—26—58 
1-1 3D 77.5 0.574 1.04 21.7 0. 39 
0.591 
1-2 0. 645 
0. 747 
1-3 3 S 0.418 
0.523 
1-4 0.732 
0.523 
1-5 6 S 67. 2 0. 150 0. 66 22.7 
0. 172 
1-6 0.237 
0. 237 
1-7 6 D 0.250 
0. 250 
1-8 0.250 
0.268 
1-9 12 D 59. 8 0. 157 0.90 17.5 
1-10 0. 164 
0.164 
1-11 12 S 0.106 
0 .106  
1-12 0.110 
0. 114 
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Table 25. Distorted-model tests in Ida silt loam at 
15 percent moisture 
Run Disk and 
no. force 
component 
w R A 
(lb/ft3) wD3 WD3 ( lb^ in* ) (deë) (lb/in. ) 
8-26-58 
2-1 3 D 
2-2  
2-3 
2-4 
2-5 
2-6 
2-7 
2-8  
2-9 
2-10 
2-11 
2-12  
3 V 
6 V 
6 D 
12 D 
12 V 
71.7 
67.5 
58.8 
0. 633 
0. 782 
0.558 
0.558 
0.249 
0. 285 
0. 249 
0.249 
0. 172 
0. 165 
0. 139 
0. 139 
0. 385 
0. 449 
0.449 
0. 385 
0.156 
0.144 
0.168 
0.168 
0.094 
0.104 
0. 084 
0.104 
1.09 
0. 61 
0. 83 
22. 3 0. 18 
22. 5 
18. 3 
gD = 0.138 . 
104 
Appendix D: Data for Plots of ô vs. 6 and Ô vs. y 
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Table 26. vs. e 
. 6d s Sd 6d 6d 
(X) (Y) (X) (Y) (X) (Y) (X) (Y) 
1. 11 0. 453 0.99 0.408 1. 27 0. 370 1. 68 0. 342 
1. 13 0. 497 1.46 0. 254 0. 67 0. 367 1. 26 0.469 
0. 92 0. 287 1.26 0. 278 0. 81 0. 337 1.09 0.182 
1. 17 0. 309 1.24 0. 252 1. 39 0. 360 2.52 0.153 
0. 89 0. 797 1.22 0. 242 1. 15 0. 335 1.28 0.169 
1. 00 0. 672 1. 35 0. 688 2. 40 0. 437 1.63 0.198 
1. 04 0. 622 1.41 0.763 2. 28 0. 377 1.49 0. 359 
1. 08 0. 369 I. 30 0.634 1.06 0. 424 2.18 0. 446 
0. 89 0. 364 1.23 0.593 0.74 0. 507 0. 70 0. 494 
0. 96 0. 397 0. 86 0.143 1.16 0. 343 1.29 0.422 
X = 1.264 Y = 0. 403 
Sx2 = 7 . 3668 Sxy = -0.4399 Sy2 = 1.0249 
sample regression coefficient, b^ = -0. 0597 
S2 = 0.02628 y x 
= 0.0597 
D 
Hypothesis: true regression coefficient, (3 = 0 
ty 2 (38 degrees of freedom) = 1. 304 
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Table 27. 6 vs. e 
s 
« *3 6 6S 
(Xi (Y) (X) (Y) 
I. II 0.301 1.30 0.548 
0.92 0. 222 2. 30 0. 222 
0.89 0. 651 1. 30 0.466 
1. 08 0.299 1.76 0.477 
0.96 0. 362 1.26 0.479 
1.46 0.189 1.09 0.240 
1.24 0. 199 1. 63 0. 177 
1. 35 0.634 1.49 0.448 
1.29 0. 370 
X = 1.319 Y = 0.370 
Sx2 = 1.9403 Sxy = -0. 1576 Sy2 = 0.3888 
b = -0.0812 yx 
S2 = 0.0251 S, = 0.1137 y» x b 
* - I®2 - -»• 
tg ^ (15 degrees of freedom) = 0. 866 
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Table 28. ô vs. e 
v 
(X) (Y) (X) 
1.00 0. 567 1. 22 
1.04 0.649 1.41 
0.89 0.433 1.23 
0. 99 0. 381 1. 30 
1. 26 0. 256 1. 76 
(y) (xl m 
0.233 1.16 0.459 
0.590 1. 68 0. 380 
0.610 1.28 0. 158 
0. 313 2. 18 0. 370 
0. 368 0. 70 0. 416 
X = 1. 273 Y = 0.412 
Sx2 = 1.9465 Sxy = 0.1540 Sy2 = 0.2902 
b = -0.0791 yx 
S2 = 0.0213 S, = 0.1047 y x b 
' = "0.1047"0 = -°-856 
tg ^ (13 degrees of freedom) = 0. 870 
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Table 29. vs. y 
y ôd y *à y ôd y ôd 
(X) (YV (X) (Y) (X) (Y) (X) (Y) 
5. 19 0. 143 2. 91 0. 364 1. 28 0.593 1.46 0. 342 
2. 69 0. 370 2. 74 0. 397 1. 72 0. 453 1. 93 0. 469 
2. 92 0. 367 3. 36 0. 408 1. 47 0.497 4.91 0. 182 
3. 60 0. 337 3. 37 0. 254 6. 54 0. 287 2. 40 0. 153 
I. 70 0. 360 4. 40 0. 278 3. 06 0. 309 3. 47 0. 169 
1. 57 0. 335 3. 56 0. 252 1. 87 0.797 3. 42 0. 198 
1. 31 0. 437 4. 31 0. 242 2. 00 0. 672 1.08 0. 359 
1. 17 0. 377 I. 67 0. 688 2. 08 0. 622 1. 02 0. 446 
1. 45 0. 424 1. 51 0. 763 4. 53 0.507 2. 38 0. 494 
2. 02 0. 369 1. 31 0. 634 2. 36 0. 343 1.77 0. 422 
X = 2.59 Y = 0.403 
Sx = 65.7131 Sxy = -4.4987 Sy* = 1.0249 
b = -0.0685 yx 
S = 0.0189 y x 0.0169 
t = "o*. 0 .^69"° = ~4e 039 
tg Q2 t38 degrees of freedom) = 2.712 
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Table 30. 6 vs. y 
s ' 
Y ô s y ô s 
(xy (Y) (X) (Y) 
1.72 0. 301 1.31 0.548 
6.54 0. 222 3. 20 0.222 
1.87 0.651 2. 26 0. 466 
2.02 0.299 1.42 0. 477 
2. 74 0. 362 1.93 0. 479 
3. 37 0.189 4.91 0. 240 
3.56 0.199 3.42 0. 177 
1. 67 0.634 1.08 0.448 
1.77 0. 370 
X = 2. 63 Y = 0.370 
Sx2 = 32. 5346 2xy = -2. 3638 2y2 = 0. 3888 
b = -0.0727 yx 
S2 = 0.0145 S, = 0.0211 yx b 
1 
= ~Vo2lï° = "3-450 
tg 01 degrees of freedom) = 2. 947 
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Table 31. 6 vs. y 
v ' 
y y 6^ ? 
(X) (Y) (X) (Y) (X) (Y) 
2.00 0.567 4. 31 0. 233 2. 36 0.459 
2.08 0.649 1.51 0.590 1.46 0.380 
2. 91 0.433 1. 28 0.610 3.47 0. 158 
3. 36 0.381 2. 26 0. 313 1.02 0. 370 
4.40 0.256 1.42 0.368 2.38 0.416 
X = 2.41 Y = 0.412 
Sx = 16.0504 Sxy = -1.3197 2y = 0.2902 
b = -0.0822 yx 
S2 = 0.0140 S, = 0.0295 y x b 
t - =»* -Z.786 
Q25 (13 degrees of freedom) = 2.533 
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Appendix E: Data from Force vs. Velocity Tests 
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Table 32. Draft vs. velocity tests in Ida silt loam3" 
Run Disk w C 0 y2 
n
°" (in!') ( lb/ ft3) (lb/in.2) (deg) £D ^3 
8-27-58 
1-1 12 61.1 1.09 8. 3 0.016 0. 121 
0 .121  
1-2 0.061 0.140 
0.145 
1-3 0. 136 0.134 
0.154 
1-4 0.242 0. 150 
0. 167 
1-5 0.016 0. 105 
0.113 
1-6 0. 061 0. 138 
0.153 
1-7 0.136 0. 120 
0. 140 
1-8 0.242 0.142 
8-27-58 
2-1 3 73.6 0.85 23. 1 0. 016 0.409 
0. 458 
2-2 0. 061 0.486 
0.511 
2-3 0. 136 0. 393 
0. 464 
2-4 0. 242 0.535 
0.491 
2-5 6 68.9 0.70 20.9 0. 016 0. 195 
0. 220 
2-6 0. 061 0.220 
0. 232 
2-7 0. 136 0.227 
0. 244 
2-8 0.242 0.269 
0. 293 
aMoisture content =15 percent. 
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Table 32. (Continued) 
feun Disk w C 0 ^2 
n
°* (tlf) (lb/ft3) (lb/in.2) (deg) W ^3 
2-9 3 73. 6 0.85 23. 1 0. 016 0. 357 
0. 416 
2-10 0. 061 0.485 
0. 458 
2-11 0. .136 0.571 
0.535 
2-12 0.242 0.561 
0.561 
2-13 6 68.9 0.70 20. 9 0. 016 0. 153 
0.153 
2-14 0.061 0.207 
0. 232 
2-15 0. 136 0. 244 
0. 262 
2-16 0. 242 0. 317 
0. 341 
114 
Table 33. Draft vs. velocity tests in Colo silty clay loama 
Run 
no. 
Disk 
dia. 
(in. ) 
w 
(lb/ft3) 
C 
(lb/in. 2) 
0 
(deg% 
V2 Rd 
7-21-59 
1-1 
1-2 
6 74.4 1.58 22.4 0.016 
0.061 
0.438 
0.494 
0.548 
0.530 
1-3 
1-4 
0.136 
0. 242 
0.626 
0.595 
0. 657 
0. 621 
1-5 
1-6 
3 78. 6 1.52 29.9 0. 016 
0. 061 
1.290 
1.576 
1.250 
1.461 
1-7 
1-8 
0.136 
0. 242 
1.723 
1.975 
1.936 
2. 040 
1-9 
1-10 
0.016 
0. 06l 
1. 000 
1.290 
1.290 
1.502 
1-11 
1-12 
0.136 
0.242 
1.462 
1.633 
1.502 
1.398 
1-13 
1-14 
6 74.4 1.58 22.4 0.016 
0. 061 
0. 485 
0.485 
0. 621 
0. 640 
1-15 
1-16 
0.136 
0. 242 
0.658 
0. 628 
0.658 
0.658 
aMoisture content = 21 percent. 
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Table 34. Vertical force vs. velocity tests in Colo silty 
clay loama 
Run Disk w _ C I 0 7^2 R 
no. dia. (lb/ft ) (lb/in. ) (deg) -=r- ——, 
(inj wD 
7-22-59 
1-1 3 82. 7 1. 67 27.4 0. 016 1.008 
0. 915 
1-2 0. 061 0.732 
0.659 
1-3 0. 136 0.892 
1 .168  
1-4 0.242 1.333 
1.257 
1-5 6 77. 7 1. 81 18. 1 0. 016 0. 338 
0. 263 
1-6 0. 061 0. 391 
0. 331 
1-7 0. 136 0.477 
0. 352 
1-8 0. 242 0. 391 
0. 391 
1-9 0.242 0.361 
0. 361 
1-10 0. 136 0.401 
0. 352 
1-11 0.061 0.346 
0. 361 
1-12 0. 016 0. 338 
0. 338 
1-13 3 82.7 1. 67 27.4 0. 016 1. 101 
1 .101 
1-14 0.061 1.271 
1.163 
1-15 0. 136 1.428 
1. 319 
1-16 0.242 1.257 
1.257 
a. Moisture content = 2.1 percent. 
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Table 35. Side force vs. velocity tests in Colo silty 
clay loama 
Run Disk w C 0 ^2 R~ 
n
°" (tel") ( lb/ , f t3)  qb/ia-2) (deg) gD ~3 
7-22-59 
2-1 3 77.7 1.42 30.5 0.016 0. 371 
0. 437 
2-2 0. 061 0. 734 
0. 734 
2-3 0. 136 0. 610 
0. 858 
2-4 0.242 0.784 
1.280 
2-5 6 76.0 1.59 22. 1 0. 016 0. 176 
0. 210 
2-6 0.061 0. 266 
0. 253 
2-7 0. 136 0. 161 
0. 180 
2-8 0.242 0. 197 
0.197 
2-9 0.242 0.197 
0.197 
2-10 0.136 0:161 
0.210 
2-11 0.061 0.168 
0 .168  
2-12 0.016 0.210 
0. 176 
2-13 3 77. 7 1.42 30.5 0.016 0.990 
0. 660 
2-14 0.061 1.098 
0. 734 
2-15 0.136 1.098 
0. 981 
2-16 0.242 0. 784 
0. 550 
aMoisture content = 21 percent. 
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Table 36. Draft vs. velocity tests in sanda 
Run Disk 
no. dia. 
( in-? 
w C 0 
(lb/ft3) (lb/in.2) (deg) 
V* 
g5" 
R 
wD" 
7-22-59 
3-1 3 
3-2 
3-3 
3-4 
3-5 12 
3-6 
3-7 
3-8 
109 
109 
0. 39 
0. 54 
25. 6 
18.4 
0. 016 
0. 061 
0.136 
0. 242 
0. 016 
0.061 
0.136 
0. 242 
0. 259 
0. 282 
0. 200 
0. 241 
0. 206 
0. 183 
0. 194 
0. 183 
0. 059 
0. 058 
0. 053 
0. 055 
0.064 
0. 058 
0. 047 
0.047 
aMoisture content = 6.3 percent. 
